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“Space is big. Really big.
You just won't believe how
vastly, hugely, mind-
bogglingly big it is. I mean,
you may think it's a long
way down the road to the
chemist, but that's just
peanuts to space.”
D. Adams, Hitchhiker’s Guide to the
Galaxy, (Del Rey, New York, 1996).
INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW
Alec M Sim
Introduction    Section 0     Lecture  1     Slide  6
Kyushu Institute of Technology    November 16, 2015 Slide  6
Universe   1026 m Solar System   1013 m
Near Earth Orbits   108 m Satellites   102 m Small Sats 10-1 m
Galaxy   1021 m
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Satellites   
102-10-1 m
MLI Blankets 
10-3-10-5 m
Microelectronics 
10-2-10-5 m
Polymer Defects   
10-7-10-9 m
Atoms & Molecules 
10-8-10-10 m
Layered Materials 10-4-10-8 m
Contamination 10-5-10-9 m
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To paraphrase Douglas Adams,
“Space is [harsh]. You just
won’t believe how vastly,
hugely, mind-bogglingly
[harsh] it is.”
Interactions with this harsh space
environment can modify materials
and cause unforeseen and
detrimen al effects to spac craft.
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Majority of all spacecraft failures
and anomalies due to the space
environment result from plasma-
induced charging
• Single event interrupts of electronics
• Arching
• Sputtering
• Enhanced contamination
• Shifts in spacecraft potentials
• Current losses
Primary Motivation For Our Research—Spacecraft Charging
Our concern for spacecraft charging is caused by plasma environment electron, 
ion, and photon-induced currents.
Charging can cause performance degradation or complete failure.
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The sun gives off 
high energy 
charged particles.
These particles 
interact with the 
Earth’s atmosphere 
and magnetic field 
in interesting ways.
High energy particles 
imbed charge 
into spacecraft 
surfaces.
Spacecraft Charging
Incident fluxes of:
• Electrons, e-
• Ions, I+
• Photons, γ
• Particles, m
Dynamics of the space 
environment and 
satellite motion lead to 
dynamic spacecraft 
charging (min to 
decades)
• Solar Flares, CME, Solar 
Cycle
• Orbital eclipse, Rotationa  
li
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For typical spacecraft materials and space environment electron fluxes
10-2 to 101 um         102 to 105 eV  
Range Electron Energy
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Orbit Time and Charge Decay Time
1 min  ρ•εo ~1•1015 Ω-cm
1 hr ρ•εo ~4•1016 Ω-cm
1 day  ρ•εo ~1•1018 Ω-cm
1 yr ρ•εo ~4•1020 Ω-cm
10 yr ρ•εo ~4•1021 Ω-cm
Treating thin film insulator as 
simple capacitor, charge 
decay time proportional to 
resistivity.
τ ρ ε ε= r 0
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Integration with Spacecraft Charging Models
NASA/SEE is concurrently funding 
charging code upgrades & materials 
database 
NASCAP
Upgrades
Materials
Research
SEE Handbook or NASCAP predicts on-
orbit spacecraft charging in GEO and 
LEO environments
Typical SEE Handbook Simulation
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STATIC Charging codes 
such as NASCAP-2K or 
SPENVIS and NUMIT2 or 
DICTAT require:
Charge Accumulation
• Electron yields
• Ion yields
• Photoyields
• Luminescence
Charge Transport
• Conductivity
• RIC
• Permittivity
• Electrostatic breakdown
• Penetration range
ABSOLUTE values as 
functions of materials 
species, flux, fluence, and 
energy.
What do you need to know about the materials properties?
 
        
 
Parameter Value 
[1]  Relative dielectric constant; εr (Input as 1 for conductors) 1, NA 
[2]  Dielectric film thickness; d 0 m, NA 
[3]  Bulk conductivity; σo (Input as -1 for conductors) -1; (4.26 ± 0.04) · 10
7 ohm-1·m-1 
[4] Effective mean atomic number <Zeff> 50.9 ± 0.5 
[5]  Maximum SE yield for electron impact; δmax 1.47 ± 0.01 
[6] Primary electron energy for δmax; Emax  (0.569 ± 0.07) keV 
[7]  First coefficient for bi-exponential range law, b1 1 Å, NA 
[8]  First power for bi-exponential range law, n1 1.39 ± 0.02 
[9]  Second coefficient for bi-exponential range law, b2 0 Å 
[10]  Second power for bi-exponential range law, n2 0 
[11]  SE yield due to proton impact δH(1keV) 0.3364 ± 0.0003 
[12]  Incident proton energy for δHmax; E
H
max  (1238 ± 30) keV 
[13] Photoelectron yield, normally incident sunlight, jpho (3.64 ± 0.4) · 10
-5 A·m-2 
[14]  Surface resistivity; ρs (Input as -1 for non-conductors) -1 ohms·square
-1, NA 
[15]  Maximum potential before discharge to space; Vmax 10000 V, NA 
[16]  Maximum surface potential difference before dielectric breakdown discharge; 
Vpunch  
2000 V, NA 
[17]   Coefficient of radiation-induced conductivity, σr; k   0 ohms
-1·m-1, NA 
[18]   Power of radiation-induced conductivity, σr;  Δ  0, NA 
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Materials Physics Group Measurement Capabilities
Electron Emission
Ion Yield
Conductivity
Electrostatic Discharge
Photoyield
Luminescence
Radiation Induced Cond.
Radiation Damage
Dependence on:  Press., Temp., Charge, E-field, Dose, Dose Rate 
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A Multitude of Materials:  Multilayer/Nanocomposite Effects
Length Scale
• Nanoscale structure of materials
• Electron penetration depth
• SE escape depth
Time Scales
• Deposition times
• Dissipation times
• Mission duration
10 µm
Black KaptonTM
(C-loaded PI)
C-fiber composite with 
thin ~1-10 µm resin 
surface layer 
Dielectric layer
Conductor
e-
Thin ~100 nm disordered 
SiO2 dielectric coating 
on metallic reflector
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Dale Ferguson’s “New Frontiers in Spacecraft Charging”
#1 Non-static Spacecraft Materials Properties
#2 Non-static Spacecraft Charging Models
These result from the complex dynamic interplay between space 
environment, satellite motion, and materials properties
Specific focus of this talk is the change in materials 
properties as a function of:
• Time (Aging), t
• Temperature, T
• Accumulated Energy (Dose), D
• Dose Rate, Ď
• Accumulated Charge, ΔQ or ΔV
• Charge Profiles, Q(z)
• Charge Rate (Current), Ŏ
• Conductivity Profiles, σ(z)
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A Truly Daunting Task….
Spacecraft charging issues then require we address:
• Myriad spacecraft materials
• New, evolving materials
• Many materials properties
• Wide range of environmental conditions
• Evolving materials properties
• Feedback, with affects of changing materials properties
To have any hope of more fully addressing these issues 
requires a change in our approach—a materials physics 
approach
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𝐽𝐽 =  𝑞𝑞𝑒𝑒𝑛𝑛𝑒𝑒(𝑧𝑧, 𝑡𝑡)𝜇𝜇𝑒𝑒𝐹𝐹(𝑧𝑧, 𝑡𝑡) + 𝑞𝑞𝑒𝑒𝐷𝐷 𝑑𝑑𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 (𝑧𝑧,𝑡𝑡)𝑑𝑑𝑧𝑧   
∂
∂z 𝐹𝐹(𝑧𝑧, 𝑡𝑡) =  𝑞𝑞𝑒𝑒𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 /𝜖𝜖0𝜖𝜖𝑟𝑟      
𝜕𝜕𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 (𝑧𝑧 ,𝑡𝑡)
𝜕𝜕𝑡𝑡
− 𝜇𝜇𝑒𝑒
𝜕𝜕
𝜕𝜕𝑧𝑧
[𝑛𝑛𝑒𝑒(𝑧𝑧, 𝑡𝑡)𝐹𝐹(𝑧𝑧, 𝑡𝑡)] − 𝑞𝑞𝑒𝑒𝐷𝐷 𝜕𝜕2𝑛𝑛𝑒𝑒(𝑧𝑧 ,𝑡𝑡)𝜕𝜕𝑧𝑧2   =  𝑁𝑁𝑒𝑒𝑒𝑒 − 𝛼𝛼𝑒𝑒𝑟𝑟  𝑛𝑛𝑒𝑒(𝑧𝑧, 𝑡𝑡)𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 (𝑧𝑧, 𝑡𝑡) + 𝛼𝛼𝑒𝑒𝑡𝑡  𝑛𝑛𝑒𝑒(𝑡𝑡)[𝑁𝑁𝑡𝑡(𝑧𝑧) − 𝑛𝑛𝑡𝑡(𝑧𝑧, 𝑡𝑡)]  
𝑑𝑑𝑛𝑛ℎ (𝑧𝑧.𝑡𝑡)
𝑑𝑑𝑡𝑡
= 𝑁𝑁𝑒𝑒𝑒𝑒 −  𝛼𝛼𝑒𝑒𝑟𝑟  𝑛𝑛𝑒𝑒(𝑧𝑧, 𝑡𝑡)𝑛𝑛ℎ(𝑧𝑧, 𝑡𝑡)                               
𝑑𝑑𝑛𝑛𝑡𝑡(z,𝜀𝜀 ,𝑡𝑡)
𝑑𝑑𝑡𝑡
=   𝛼𝛼𝑒𝑒𝑡𝑡𝑛𝑛𝑒𝑒(𝑧𝑧, 𝑡𝑡)[𝑁𝑁𝑡𝑡(z, 𝜀𝜀) − 𝑛𝑛𝑡𝑡(z, 𝜀𝜀, 𝑡𝑡)] − 𝛼𝛼𝑡𝑡𝑒𝑒𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝜀𝜀𝑘𝑘𝑘𝑘� 𝑛𝑛𝑡𝑡(z, 𝜀𝜀, 𝑡𝑡)   
 
…written it terms of 
spatial and energy 
distribution of 
electron trap states
Measurements with many 
methods…
A Materials Physics Approach to the Problem
Interrelated through a…
Complete set of dynamic transport equations
Disordered
Localized
States
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𝑱𝑱 =  𝒒𝒒𝒆𝒆𝒏𝒏𝒆𝒆(𝒛𝒛, 𝒕𝒕)𝝁𝝁𝒆𝒆𝑭𝑭(𝒛𝒛, 𝒕𝒕) + 𝒒𝒒𝒆𝒆𝑫𝑫 𝒅𝒅𝒏𝒏𝒕𝒕𝒕𝒕𝒕𝒕(𝒛𝒛,𝒕𝒕)𝒅𝒅𝒛𝒛   
𝛛𝛛
𝛛𝛛𝛛𝛛
𝑭𝑭(𝒛𝒛, 𝒕𝒕) =  𝒒𝒒𝒆𝒆𝒏𝒏𝒕𝒕𝒕𝒕𝒕𝒕/𝝐𝝐𝟎𝟎𝝐𝝐𝒓𝒓     
𝝏𝝏𝒏𝒏𝒕𝒕𝒕𝒕𝒕𝒕(𝒛𝒛,𝒕𝒕)
𝝏𝝏𝒕𝒕
− 𝝁𝝁𝒆𝒆
𝝏𝝏
𝝏𝝏𝒛𝒛
[𝒏𝒏𝒆𝒆(𝒛𝒛, 𝒕𝒕)𝑭𝑭(𝒛𝒛, 𝒕𝒕)] − 𝒒𝒒𝒆𝒆𝑫𝑫 𝝏𝝏𝟐𝟐𝒏𝒏𝒆𝒆(𝒛𝒛,𝒕𝒕)𝝏𝝏𝒛𝒛𝟐𝟐   =  𝑵𝑵𝒆𝒆𝒆𝒆 −  𝜶𝜶𝒆𝒆𝒓𝒓 𝒏𝒏𝒆𝒆(𝒛𝒛, 𝒕𝒕)𝒏𝒏𝒕𝒕𝒕𝒕𝒕𝒕(𝒛𝒛, 𝒕𝒕) + 𝜶𝜶𝒆𝒆𝒕𝒕 𝒏𝒏𝒆𝒆(𝒕𝒕)[𝑵𝑵𝒕𝒕(𝒛𝒛) − 𝒏𝒏𝒕𝒕(𝒛𝒛, 𝒕𝒕)]  
𝒅𝒅𝒏𝒏𝒉𝒉(𝒛𝒛.𝒕𝒕)
𝒅𝒅𝒕𝒕
= 𝑵𝑵𝒆𝒆𝒆𝒆 −  𝜶𝜶𝒆𝒆𝒓𝒓 𝒏𝒏𝒆𝒆(𝒛𝒛, 𝒕𝒕)𝒏𝒏𝒉𝒉(𝒛𝒛, 𝒕𝒕)                               
𝒅𝒅𝒏𝒏𝒕𝒕(𝛛𝛛,𝜺𝜺,𝒕𝒕)
𝒅𝒅𝒕𝒕
=   𝜶𝜶𝒆𝒆𝒕𝒕𝒏𝒏𝒆𝒆(𝒛𝒛, 𝒕𝒕)[𝑵𝑵𝒕𝒕(𝛛𝛛, 𝜺𝜺) − 𝒏𝒏𝒕𝒕(𝛛𝛛, 𝜺𝜺, 𝒕𝒕)] −  𝜶𝜶𝒕𝒕𝒆𝒆𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 �− 𝜺𝜺𝒌𝒌𝒌𝒌� 𝒏𝒏𝒕𝒕(𝛛𝛛, 𝜺𝜺, 𝒕𝒕)  
What is required is knowledge of:
• Defect (trap) spatial distribution (density)
• Defect energy distribution (DOS)
• Types of charge carriers (e.g., e- or h+)
• Occupation of defect states by charge carriers
• Transition frequencies (lifetimes)
• Complete set of dynamic transport equations  
A Focus on Defect Densities
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Requires Smaller Length Scale 
Insufficient to address 
problem at just 
macroscopic length scale
2 mm
Debris impact site 10 µmKapton10 µmLDPE
Mylar
Debris impact site
ESD sites
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Perfect 
Order
Highly 
Disordered
Substitutional Disorder 
(Doped Crystal)
Polymer
Dopant Ge, Pb
B, Al
N, P, As 
Exact solution to 
Schrodinger Eq.
Perturbation Theory for 
Schrodinger Eq.
Empirical  and Statistical Modifications 
to Band Theory
Conduction for Disordered Materials
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Disorder introduces localized states in the gap
CONDUCTION 
BAND EDGE
VALENCE 
BAND EDGE
UPPER 
MOBILITY 
EDGE
LOWER 
MOBILITY 
EDGE
EFFECT 
OF 
DISORDER
(a) (b)
SINGLE 
POTENTIAL
SPREAD OF 
POTENTIALS
|ψ
(r
)|2
Position r
|ψ
(q
)|2
Momentum q
Delocalized in 
real space
Localized in 
momentum space
|ψ
(r
)|
2
Position 
r
|ψ
(q
)|2
Momentum q
Localized in real 
space
Delocalized in 
momentum space
A quantum mechanical model  of the spatial 
and energy distribution of the electron states
Nobel Prize 1977 to Sir Nevill Mott and P.W. Anderson, Electronic Structure of Disordered Systems
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R. Zallen, The Physics of Amorphous Solids, (John Wiley and Sons, Inc. 1983).
Tunneling Between Traps—and Mott Anderson Transitions
Anderson transition between extended Bloch 
states and localized states caused by 
variations in well depth affects tunneling 
between states.
Mott transition between extended Bloch 
states and localized states caused by 
variations in well spacing which affects 
tunneling between states.
Nobel Prize 1977 to Sir Neville Mott and P.W. Anderson, Electronic Structure of Disordered Systems
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Look at measurements of fused quartz (a-SiO2) from a synergistic 
microscopic, defect state perspective
used as coverglass, optical elements, and insulator 
Synergistic Models of Electron Emission 
and Transport Measurements of 
Disordered SiO2
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A Path Forward for Dynamic Materials Issues
For dynamic materials 
issues in spacecraft 
charging:
• Synthesis of results from 
different studies and 
techniques
• Development of overarching 
theoretical models allow 
extension of measurements 
made over limited ranges of 
environmental parameters to 
make predictions for broader 
ranges encountered in space.
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Optical Band Gap—Disordered SiO2
Egap = 8.9 eV
Optical Transmission Data:
• Direct band gap ~8.9 eV
• Additional steps in 
transmission in 1-4 eV range
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Conductivity vs Temperature
Egap = 8.9 eV
Yields:
Defect energy, Ed  
and   
Trap density, NT
SiC
BK7
Zerodur
CaF2
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Ed = 1.08 eV
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Constant Voltage Conductivity
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Constant Voltage Chamber  
configurations inject a 
continuous charge via a 
biased surface electrode with 
no electron beam injection
Dark Current
Polarization
Diffusion
Pre-Transit
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σ(t)=σDC
⎣
⎢
⎢
⎡ 1 + σAC(ν)
σDC
+
σpol
o
σDC
e
-t
τpol+ σdiffusion
o
σDC
t-1+
σdispersive
o
σDC
t-(1-α)+ σtransit
o
σDC
t-(1+α)+ σRIC
o
σDC
�1 − 𝑒𝑒−𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅1 /(𝑡𝑡−𝑡𝑡𝑡𝑡𝑛𝑛 )��1 + �𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 �/𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅2 �−1⎦⎥⎥
⎤
    
 
 
 
• Dark current or drift conduction—Defect density, NT, and Ed≈1.08 eV 
• Diffusion-like and dispersive conductivity—Energy width of trap distribution, α  
• Radiation induced conductivity—Shallow trap density and εST 
• Polarization—Rearrangement of bound charge, 𝝐𝝐𝒓𝒓∞𝝐𝝐𝒕𝒕  and  𝝉𝝉𝒆𝒆𝒕𝒕𝒑𝒑  
• AC conduction—Dielectric response, 𝝐𝝐𝒓𝒓 (𝝂𝝂)𝝐𝝐𝒕𝒕 
Dark Current AC Polarization Diffusion
Pre-Transit Persistent RICPost-Transit RIC RiseRIC
Conductivity Modes vs Time
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σ(t)=σDC
⎣
⎢
⎢
⎡ 1 + σAC(ν)
σDC
+
σpol
o
σDC
e
-t
τpol+ σdiffusion
o
σDC
t-1+
σdispersive
o
σDC
t-(1-α)+ σtransit
o
σDC
t-(1+α)+ σRIC
o
σDC
�1 − 𝑒𝑒−𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅1 /(𝑡𝑡−𝑡𝑡𝑡𝑡𝑛𝑛 )��1 + �𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 �/𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅2 �−1⎦⎥⎥
⎤
    
 
 
• σDC≡qeneμe dark current or drift conduction—very long time scale equilibrium conductivity. 
• σAC(𝛎𝛎) ≡ ∑ ��𝝐𝝐𝒓𝒓 (𝝂𝝂) − 𝝐𝝐𝒓𝒓𝒕𝒕�𝝐𝝐𝒕𝒕 𝟏𝟏𝟏𝟏+(𝝂𝝂 𝝂𝝂𝒊𝒊⁄ )𝟐𝟐�𝐢𝐢   
frequency-dependant AC conduction—dielectric response to a periodic applied electric field  
• 𝝈𝝈𝒆𝒆𝒕𝒕𝒑𝒑(𝒕𝒕) ≡ �(𝝐𝝐𝒓𝒓∞ − 𝝐𝝐𝒓𝒓𝒕𝒕)𝝐𝝐𝒕𝒕 𝝉𝝉𝒆𝒆𝒕𝒕𝒑𝒑⁄ � · e -tτpol long time exponentially decaying conduction due to polarization  
•  𝝈𝝈𝒅𝒅𝒊𝒊𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒊𝒊𝒕𝒕𝒏𝒏(𝒕𝒕) ≡ σdiffusiono · t-1  
diffusion-like conductivity from gradient of space charge spatial distribution.  
• 𝝈𝝈𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆𝒆𝒆𝒓𝒓𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆(𝒕𝒕) ≡ � 𝝈𝝈𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆𝒆𝒆𝒓𝒓𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆𝒕𝒕 · 𝒕𝒕−(𝟏𝟏−𝜶𝜶)                ; (𝐟𝐟𝐟𝐟𝐟𝐟 𝒕𝒕 < 𝝉𝝉𝒕𝒕𝒓𝒓𝒕𝒕𝒏𝒏𝒅𝒅𝒊𝒊𝒕𝒕) 
𝝈𝝈𝒕𝒕𝒓𝒓𝒕𝒕𝒏𝒏𝒅𝒅𝒊𝒊𝒕𝒕(𝒕𝒕) ≡ σtransito · t-(1+α)      ; (𝐟𝐟𝐟𝐟𝐟𝐟 𝒕𝒕 > 𝝉𝝉𝒕𝒕𝒓𝒓𝒕𝒕𝒏𝒏𝒅𝒅𝒊𝒊𝒕𝒕)   broadening of spatial 
distribution of space charge through coupling with energy  distribution of trap states.     
• 𝝈𝝈𝑹𝑹𝑹𝑹𝑹𝑹(𝒕𝒕; ?̇?𝑫, 𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟏𝟏 , 𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟐𝟐 ) ≡ σRICo (?̇?𝐃(𝐭𝐭)) �𝟏𝟏 − 𝒆𝒆−𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟏𝟏 /(𝒕𝒕−𝒕𝒕𝒕𝒕𝒏𝒏)� �𝟏𝟏 + �𝒕𝒕 − 𝒕𝒕𝒕𝒕𝒅𝒅𝒅𝒅�/𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟐𝟐 �−𝟏𝟏  
radiation induced conductivity term resulting from energy deposition within the material.  
 
Refer to (Wintle, 1983), (Dennison et al., 2009), and (Sim, 2012) 
Dark Current AC Polarization Diffusion
Pre-Transit Persistent RICPost-Transit RIC RiseRIC
Conductivity Modes vs Time
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Surface Voltage Charging and Discharging
(d) (e)(g) (h)
σ(t)=σo �1+ �σdiffusiono σo � t-1+ �σdispersiveo σo � t-(1-α)� 
𝑉𝑉(𝑡𝑡) = 𝑉𝑉𝑡𝑡  𝑒𝑒−𝑡𝑡𝑡𝑡 (t)/𝜖𝜖𝑡𝑡𝜖𝜖𝑟𝑟           ≈ 𝑉𝑉𝑡𝑡  �1 − �σo 𝑡𝑡𝜖𝜖𝑡𝑡𝜖𝜖𝑟𝑟� �1+ �σdiffusiono σo � t-1+ �σdispersiveo σo � t-(1-α)�� 
• Uses pulsed non-
penetrating electron beam 
injection with no bias 
electrode injection. 
• Fits to exclude AC, 
polarization, transit and 
RIC conduction.
• Yields NT, Ed, α, εST
Charging
Discharge
Instrumentation
Discharge
Charging
Vs(t)= �
qe𝑛𝑛𝑡𝑡𝑚𝑚𝑚𝑚𝑒𝑒 
εoεr [1-Y(Eb)]� �𝑅𝑅(𝐸𝐸𝑏𝑏)𝐷𝐷�1 − 𝑅𝑅(𝐸𝐸𝑏𝑏)2 𝐷𝐷 �� �τQ𝑡𝑡 � �1 − e−� t𝜏𝜏𝑄𝑄��1+�t σoεoεr��1+σdiffusiono σo (t-1)+σdispersiveo σo �t-(1-α)���−1�
�1 + �t σoεoεr� ∙ �1+σdiffusiono σo (t-1)+σdispersiveo σo (t-(1-α))��  
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FESD Breakdown: Dual (Shallow and Deep) Defect Model
Yields:
Ratio of Defect 
energy to Trap 
density, ΔGdef /NT
Separate these 
with T 
dependence
ΔGdef =0.97 eV
NT=1·1017 cm-3
( )20
2 ESD
r
defdef FGN ⋅=∆
εε
FESD=20±2 MV/m at RT
FESD=27±2 MV/m at 157 K
FESD=19.0±0.6 MV/m at RT and 142 K (irradiated)
Based on first
breakdown
“Complete” Breakdown
~2-4X this field
Endurance time measurements:
Breakdown field measurements:











∆





=
),(2
csch
),(
exp
2
),( 0
2
TFNTk
F
Tk
TFG
Tk
hTFt
defB
r
b
def
b
en
εε
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Top view of samples on window
Sample stack cross section
RIC chamber uses a 
combination of charge 
injected by a biased 
surface electrode with 
simultaneous injection by 
a pulsed penetrating 
electrons.
RIC Chamber
Radiation Induced Conductivity Measurements
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RIC T-Dependence
Temperature (K)
1)( →∆ T
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c
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TT +→∆ )(
 RICokTk →)(
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ee
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
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

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

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




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
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2)(
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∆⋅=σ
Uniform Trap Density Exponential Trap Density
Shallow Trap DOS Profile
Effective Fermi Level
EFeff = 24 meV
Exponential DOS Below Ec
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Modified Joblonski band diagram
• VB electrons excited into CB by the
high energy incident electron radiation.
• They relax into shallow trap (ST) states,
then thermalize into lower available long-
lived ST.
• Four paths are possible:
(i) Remain in (short lived) shallow traps
(ii) Non-radiative transitions or e--h+
recombination into VB holes;
(iii) Radiation induced conductivity (RIC),
with thermal re-excitation into the CB
or;
(iv) Relaxation to deep traps (DT), with
concomitant photon emission.
Complementary Responses to Radiation
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Photon Emission Measurements
Sample cooled with l-N2 to 100-135 K.  
Chamber walls at ambient.
Luminescence/Arc/Flare Test Configuration
• Absolute spectral radiance
• ~200 nm to ~5000 nm
• 4 cameras (CCD, iiCCD, InGaAs, InSb)
• Discreet detectors filters
• 2 Spectrometers (~200 nm to ~1900 nm)
• e- at ~1 pA/cm2 to ~10uA/cm2 & ~20 eV to 30 keV
• 35 K< T< 350 K
• Multiple sample configur tions to ~10x10cm
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Jb : incident current density T: temperature
Eb: incident beam energy λ: photon wavelength
qe: electron charge ρm: mass density
εST: shallow trap energy R(Eb):  penetration range
Dsat: saturation dose rate L:  Sample thickness
Cathodoluminescence intensity  
(α emitted power)
Dose rate  (α adsorbed power)
Cathodoluminescence—Deep and Shallow Trap DOS
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Highly disordered sputtered deposited
60 nm sample with εST = 21 meV
Disordered hydrolysis formed SiO2
80 µm sample with εST = 5 meV
Cathodoluminescence intensity  (α emitted power)
Cathodoluminescence—T Dependence
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Incident Beam 
Energy
Nonpenetrating Radiation  {R(Eb) < L}: 
all incident power absorbed in coating 
and  intensity and dose rate  are linear 
with incident power density
Penetrating Radiation {R(Eb) > L}: 
absorbed power reduced by factor of 
L/R(Eb).  
Cathodoluminescence—Eb and Range Dependence
Nonpenetrating: Low Eb, Thick Penetrating: High Eb, Thin 
Can map 
R(Eb) 
with 
inflection 
points
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~10 Gy/s  for 
SiO2 coatings.
Saturated
Cathodoluminescence—Jb and Dose Dependence
Unsaturated
Cathodoluminescence intensity  (α emitted power)
Dose rate  (α adsorbed power)
Measure of 
charge required 
to fill traps.
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Photon Emission Spectra 
Peak Wavelength
Cathodoluminescence Emission Spectra
1.92 eV
2.48 eV
2.73 eV
4.51 eV
--8.9 eV
--24 meV
EF
eff
--4 meV
Multiple peaks in spectra 
correspond to multiple 
DOS distributions
Peak positions  Center of 
DOS
Peak amplitude  NT
Peak width  DOS width
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Cathodoluminescence—Defect Origins for DOS’s
Based on peak positions 
for similar disordered 
SiO2 samples at room 
temperature.  
Sahl identified 1.98 eV peak 
as from nonbridging oxygen 
hole center.  
Trukhin identified 2.48 eV
and 4.51 eV peaks as from 
an oxygen deficient center. 
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(c) 
  
Width vs T Peak Intensity vs T Wavelength shift vs T
Occupation of DOS’s from Emission Spectra
Information on effective Fermi level and DOS occupation
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Electron Emission Studies and DOS
Electron Yield Curves
Electron Emission Spectra Surface Voltage Decay Curves
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Combining all the pieces 
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∫
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Analytic solution for secondary electron yield as surface potential 
changes in response to incident charge.
Decay curve data
DDLM model for surface potential
Physics based model for yield SE 
recapture as a function of  incident 
fluence
1
0
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m
4
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ρ
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0
 
ρ
Depth profile for net
positive charging
-V +V
 
(b) 
Surface Voltage Relates to “Intrinsic” Yield Model
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A Path Forward for Dynamic Materials Issues
For dynamic materials 
issues in spacecraft 
charging:
• Synthesis of results from 
different studies and 
techniques
• Development of overarching 
theoretical models allow 
extension of measurements 
made over limited ranges of 
environmental parameters to 
make predictions for broader 
ranges encountered in space.
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A Materials Science Approach 
to Spacecraft Charging….
Requires:
• Conscious awareness of dynamic nature of materials properties can be used
with available modeling tools to foresee and mitigate many potential
spacecraft charging problems
• For dynamic materials issues in spacecraft charging, as with most materials
physics p blems, synthesis of results from different studies and techniques,
and development of overarching theoretical models allow extension of
measurements made over limited ranges of environmental parameters to
make predictions for broader ranges encountered in space.
• Understanding of the microscale defect structure and transport mechanisms
are required to model dynamic materials properties for dynamic spacecraft
charging models
To address:
• Myriad spacecraft materials
• New, evolving materials
• Many materials properties
• Wide range of environmental conditions
• Evolving materials properties
• Feedback, with affects of changing materials properties
